Cells of a psychrophilic marine bacterium were found to take up a variety of amino acids from seawater. Some of the amino acids that were taken up were released when the cells were exposed to a hypotonic salt solution. The proportion that was released varied according t-, the amino acid. A pool of the amino acid arginine that was formed during very short periods of exposure of cells to the exogenously supplied amino acid was particularly sensitive to reductions in salinity. In general, exposure to hypotonic salt solutions also resulted in reduced amino acid uptake by the cells. Complete removal of seawater salts (SE treatment) produced obvious structural alterations in the cell envelope, resulting in an even greater reduction in amino acid uptake. Under these conditions, amino acidbinding components were released by the cells. Differential centrifugation and fluorescent antibody studies indicated that arginine-binding components are located on or near the surface of intact cells. The data suggest that substrate receptors were sensitive to reductions in seawater salt concentrations and that lesions at this level affected the organism's substrate uptake and retention capabilities.
Cells of a psychrophilic marine bacterium were found to take up a variety of amino acids from seawater. Some of the amino acids that were taken up were released when the cells were exposed to a hypotonic salt solution. The proportion that was released varied according t-, the amino acid. A pool of the amino acid arginine that was formed during very short periods of exposure of cells to the exogenously supplied amino acid was particularly sensitive to reductions in salinity. In general, exposure to hypotonic salt solutions also resulted in reduced amino acid uptake by the cells. Complete removal of seawater salts (SE treatment) produced obvious structural alterations in the cell envelope, resulting in an even greater reduction in amino acid uptake. Under these conditions, amino acidbinding components were released by the cells. Differential centrifugation and fluorescent antibody studies indicated that arginine-binding components are located on or near the surface of intact cells. The data suggest that substrate receptors were sensitive to reductions in seawater salt concentrations and that lesions at this level affected the organism's substrate uptake and retention capabilities.
It is well known that bacteria such as Caulobacter exist in distilled water lines where nutrient concentrations are extremely low. The open ocean, particularly the deep sea, also supports bacterial populations, in spite of the fact that nutrients such as amino acids occur in the nanomolar concentration range (15) . To survive, the bacteria must possess a mechanism(s) to capture these substrates (nutrients) in seawater. Cells of a marine psychrophilic bacterium were recently shown to use chemotaxis and high-and low-affinity transport components to capture Larginine in artificial seawater (11) .
An important step in the transport process is the initial binding of the substrate to cell surface receptors. Although numerous substrate receptors have been isolated and described for enteric bacteria, there is virtually no information available on substrate-binding components in marine bacteria (20) . Considering the major role that marine bacteria play in maintaining the low organic nutrient concentrations in the sea, it is important to understand the nature of their substrate receptors.
Because of their role in nutrient capture, sub- result, these components may display a sensitivity to changes in the external environment that have been shown to affect envelope components of other marine bacteria (3, 4) . In view of these considerations, we subjected cultures of the marine psychrophilic bacterium Ant-300 to changes in salinity, osmolarity, and pH to aid in the isolation of substrate receptor molecules. We provide evidence here for the existence of a loosely bound amino acid pool formed during the initial stages of amino acid uptake by cells of the marine psychrophilic bacterium Ant-300.
We also demonstrate the existence of components located on or near the cell surface which bind the amino acid L-argimiine.
MATERIALS AND METHODS Organism. The microorganism used in this study is the psychrophilic marine bacterium Ant-300, which exhibits optimal growth at 8 to 9°C and has a maximal temperature for growth of 13 to 15°C (10) . Previous studies have demonstrated that this bacterium is well adapted to the oceanic environment (11, 18, 19) . Ant-300 possesses a cell envelope whose structure is characteristic of gram-negative bacteria (Fig. 1A) . Substrate uptake and retention. All procedures subsequently described were performed at 5°C unless otherwise noted. Cells were cultured in glucose-Casamino Acids medium (10) to a density of 8 x 10i cells per ml, harvested by centrifugation at 2,000 x g, and washed two times in artificial seawater (ASW). sedimented by centrifugation at 16 ,300 x g for 20 min and resuspended in ASW (SE treatment). Cells maintained in ASW but subjected to the same physical manipulations as 1-R and SE treatments were included as controls. After suspension in ASW the cells were immediately exposed to L-U-4C-amino acid for 60 s in the presence of chloramphenicol (80 ,g/ml) and then filtered and washed with ASW. A 60-s exposure period was chosen since the initial rate of arginine uptake is constant during this period (11) . Chloramphenicol was added to inhibit protein synthesis during the uptake reaction. The labeled amino acids were present in the following final concentrations: arginine, 72 nM; glutamic acid, 85 nM.
Recovery of binding components. Cells were suspended in 1/4-strength ASW, SE solution, or subjected to T-Mg treatment. T-Mg treatment involved suspension of cells in SE solution followed by centrifugation at 16,300 x g for 20 min and suspension of the cells in 33 mM Tris buffer (pH 8.0) containing 1 mM MgCl2. The menstruums were collected by centrifugation at 16,300 x g for 20 min to remove any cells which remained in suspension and concentrated by ultrafiltration using YM-10 membranes (Amicon Corp., Lexington, Mass.).
Viability. Cells prepared by the above procedure were serially diluted in ASW and plated on Lib-X agar medium (1). Plates were incubated for 6 days at 5°C, and the colonies were counted.
Protein. The protein associated with the above sediment and supernatant fractions was determined by the method of Lowry et al. (17) using bovine serum albumin, fraction 5 (Sigma Chemical Co., St. Louis, Mo.), as a standard. Protein associated with the cells was released into solution by sonication using a Bronwill Biosonik III.
Isolation of arginine-binding components. Concentrated cell-free SE supernatant (32 mg of protein in 10 ml of 33 mM Tris buffer [pH 8 .0]) was dialyzed against 10 mM Tris buffer (pH 7.5) and applied to an arginine-Sepharose column (35 by 1 cm) equilibated with Tris buffer using a flow rate of 28 ml/ h. The column was washed with 5 bed volumes of buffer, and the adsorbed material was eluted with a 70-ml linear gradient (0 to 100 mM) of L-arginine. Tightly bound material was subsequently eluted with 2 M KCl. Relative protein concentration of the eluant was monitored continuously by absorbance at A = 280 nm. Fractions corresponding to protein peaks were pooled, concentrated by ultrafiltration, dialyzed against Tris buffer, and either frozen in a dry iceacetone bath and lyophilized or assayed immediately for L-arginine-binding activity.
Cell envelope material was recovered from the concentrated T-Mg menstruum by differential centrifugation by the method of Forsberg et al. (7) . Sediment was resuspended and assayed for protein concentration and arginine-binding activity.
Binding assay. Binding assays were carried out in a multichamber equilibrium dialysis apparatus similar to that described by Furlong et al. (8) . Unless other-water, was used to separate the contents of the two chambers. The apparatus was rotated for 6 to 18 h to achieve equilibrium of unbound amino acid across the membrane. Portions (10 ul) were removed from each chamber and transferred to Triton X-100 fluor (1 part Triton X-100 to 2 parts double-strength Omnifluor), and the radioactivity was determined as above. Determination of the distribution of radioactivity across the membrane provided a way to assay the arginine-binding components and is expressed as the ratio of radioactivity recovered from the chamber containing the prepared supernatant to the radioactivity recovered from the chamber to which the labeled arginine was added. Ratios greater than 1.05 were indicative of binding activity (25) . Thin umns 1 and 2) . The data further demonstrated that the fraction of substrate taken up that was subsequently retained by the cells after 1/4-strength ASW wash varied according to the amino acid. The bulk of aspartic acid, leucine, and lysine taken up by the cells was retained, whereas nearly all of the glutamic acid taken up was released into the menstruum. Substrate in contact with cells for very short periods of time (e.g., 10-s exposure period) appeared to be more vulnerable to release by 1/4-strength ASW and SE than substrate taken up over longer time periods (e.g., 10 min) ( Table 2 ). These differences in retention were not due to incorporation of substrate (arginine) into a macromolecular fraction since only 3 to 7% of the total substrate taken up during either the 10-s or 10-min exposure periods was recovered by cold trichloroacetic acid treatment.
Maintenance of cells in 1/4-strength ASW during exposure to various amino acids caused a significant decrease in substrate uptake (Table  1 , column 4). The one exception was aspartic In spite of the deleterious effects on substrate uptake, the 1-R treatment caused no decrease in cell viability and produced no observable defects in cell envelope structure based on electron microscopic observation of thin-section preparations (Fig. 1B) . The recovery of less than 1% of the cellular protein from the culture menstruum further indicated that no gross defects in the cell perneability barrier had occurred as a result of the reduction in salinity.
The substitution of SE solution for 1/4-strength ASW in the wash step resulted in the retention of even less substrate (arginine) than that recovered after 1/4-strength ASW wash (Table 2 ). Again the effect was more pronounced for substrate that was in contact with cells for very short periods at time (10 s) than for longer time periods (10 min). Like 1-R treatment, SE treatment also caused irreversible damage to the amino acid uptake mechanisms (Table 3) .
In contrast to 1-R treatment, SE treatment produced a 75% reduction in cell viability. In addition, electron microscopic examination of thin-section preparations revealed that SEtreated cells experienced a deterioration in cell envelope integrity. Most notable was the apparent separation of the cytoplasmic and outer membranes (Fig. 1C) . Accompanying these structural alterations was the release of approximately 3% of the cell protein.
Included in the material released by SEtreated cells were components which exhibited amino acid-binding activity. Concentration of the menstruum of SE-treated cultures by ultrafiltration yielded a nondialyzable fraction which bound the amino acid arginine when assayed by equilibrium dialysis (Table 4) . These binding components were not detected in the menstruum of cultures subjected to 1-R treatment (not shown).
Suspension of SE-treated cells in a solution of reduced osmolarity and increased pH (T-Mg treatment) resulted in the release of additional protein (27%) and arginine-binding components (Table 4 ). The cells also experienced extensive envelope damage, as demonstrated by the breakage and peeling away of the outer membrane (Fig. 1D) , and a 98% decrease in viability. A significant portion of arginine-binding activity was recovered in the 73,000-x-g sediment after differential centrifugation of the menstruum of T-Mg-treated cultures (Table 5) . Electron microscopic examination showed the sedimenting material to be composed of membranous fragments and vesicles similar in appearance to the material seen peeling away from the cells (Fig.   1E ). 11 liters of culture were subjected to TMg treatment, and 500 ml of cell-free T-Mg solution was concentrated to 51 ml. The final protein concentration was 7.6 mg/ml. When the nondialyzable fraction of the menstruum of the SE-treated culture was applied to an arginine Sepharose column, two fractions were obtained which yielded arginine-binding activity (Table 4) : one which was eluted by a linear (0 to 100 mM) arginine gradient (fraction 3) and a more tightly bound fraction which eluted with 2 M KCl (fraction 4).
Rabbits immunized with either fractions 3 or 4 produced an IgG component(s), which, when incubated sequentially in the presence of intact cells of Ant-300 and fluorescein isothiocyanatelabeled goat anti-rabbit IgG, produced intense fluorescence around the bacteria when examined by epifluorescence microscopy ( Fig. 2A and B) . No fluorescence was observed when control serum, obtained from the rabbits before immunization, was substituted for immune serum in the reaction. Furthermore, no fluorescence was observed when other marine bacterial isolates were exposed to fraction 3 or 4 immune serum and fluorescein isothiocyanate-labeled goat anti-rabbit IgG preparation.
DISCUSSION
These results demonstrate that reductions in salinity inhibit the uptake and retention of various amino acids by cells of the marine bacterium Ant-300. Although a reduction in salinity caused detectable losses of arginine which had been previously taken up by the cells over a 10-min period, more dramatic losses were noted when the substrate was exposed to the cells for very short periods of time. These data suggest that there were at least two distinct arginine pools associated with these cells; one containing substrate in an early stage of uptake and sensitive to reductions in salt concentration and another pool(s) composed of substrate in later stages of uptake or contained within the cell and less sensitive to the change in salinity. Physically distinct amino acid pools have been demonstrated in other marine bacteria, some of which are sensitive to changes in salinity and pH (12, 21) .
The great inhibition of arginine accumulation in cells exposed to The large amount of arginine-binding activity recovered from the menstruum of T-Mg-treated cultures may have been due to the release of cytoplasmic constituents, since a substantial portion (27%) of the total cell protein was released under these conditions. The relatively large amount of arginine-binding activity associated with membrane fragments released by TMg treatment suggests, however, that at least some of the binding components resided on or near the cell surface. This is further supported by the immunofluorescence studies which demonstrated the binding of antibodies, raised against arginine-binding components released by SE treatment, to intact cells of Ant-300. It is unlikely that the reaction between antibody(s) and intact cells would have occurred had the antibody receptors maintained a position that was remotely located from the cell surface, since antibodies recovered in the IgG fraction are generally too bulky to penetrate bacterial cell envelopes (13, 16) . Our inability to detect antibody binding (fluorescence) under control conditions indicated that nonspecific binding to other cell surface components had not occurred. This does not preclude, however, the possibility that the arginine-binding components which reacted with the antibody interact nonspecifically with other substrates. Thus, cells of Ant-300 appear to possess arginine-binding components, which, on the basis of their cellular location, could promote the binding of free arginine in seawater on or near the cell surface.
Amino acid-and sugar-binding proteins are known to exist in the cell envelope of other gram-negative bacteria (2, 14) . It has been proposed that the binding protein-ligand complex interacts with cytoplasmic membrane transport proteins in a way which leads to substrate translocation (14) . Conclusive experimental evidence demonstrating this hypothesis has yet to be reported, however (6) . If the arginine-binding components recovered in the present study are also proteins which maintain a similar function, then the inhibition of uptake and retention of arginine observed in cells of Ant-300 may have resulted from a deterioration in the integrity of these cellular constituents. That the disturbance was most dramatically realized at an early step in the uptake reaction supports the contention that the primary lesion resides at the level of the surface receptors. Work is currently in progress to further purify the arginine-binding components obtained from these studies so that their participation in either the high-or low-affinity arginine transport systems (11) 
